Intracranial neoplasia is a common clinical condition in domestic companion animals, particularly in dogs. Application of advances in standard diagnostic and therapeutic modalities together with a broad interest in the development of novel translational therapeutic strategies in dogs has resulted in clinically relevant improvements in outcome for many canine patients. This review highlights the status of current diagnostic and therapeutic approaches to intracranial neoplasia and areas of novel treatment currently in development.
I
ntracranial neoplasia represents a major cause of morbidity and mortality in companion animals, predominantly in dogs. Recent advances in diagnosis and treatment of intracranial neoplasia in veterinary medicine have been driven by a combination of improved access to advanced imaging and neurosurgical equipment together with the recognition of brain tumors in dogs as a viable and potentially valuable model for translational and basic research. [1] [2] [3] Collaborative therapeutic research embracing the "one medicine" approach has demanded both basic molecular genetic characterization of these tumors in dogs to validate the next generation of targeted therapies, and advances in the diagnostic and surgical techniques necessary to apply these approaches in a clinical setting. Accurate data for true incidence of brain tumors in dogs are limited to a study in the 1960s and 1970s in Northern California 4, 5 ; however, the reported 14.5 cases per 100,000 dogs included all nervous system tumors, and numbers were small. These results are similar to data in humans where an incidence of 20.59 primary CNS tumors per 100,000 human patients in the United States has been reported. 6 A more accurate comparison may be based on necropsy data where intracranial/nervous system neoplasia has been reported in approximately 2-4.5% of dogs [7] [8] [9] compared to approximately 2% of human patients. 10 Given the practical limitations of veterinary care, it is likely that true incidence of brain tumors in dogs has been underestimated. Although individual studies vary, meningiomas compromise approximately 50% of primary tumors in dogs with gliomas representing 40-70% and choroid plexus tumors being the next most common tumor. 7, 9, 11, 12 Secondary neoplasia accounts for approximately 50% of all intracranial tumors in dogs, with the most common tumor types being hemangiosarcoma, pituitary tumors, lymphoma, metastatic carcinoma, extension of nasal neoplasms, and histiocytic sarcoma. 13 The majority of primary and secondary intracranial tumors occur in older adult dogs with the majority over 5 years of age. [11] [12] [13] [14] [15] [16] Median age for dogs with meningiomas, gliomas, and choroid plexus tumors is reported as 10-11 years, 8 years, and 5-6 years, respectively. 9, 12, 15, 16 Primary tumors (particularly gliomas) occasionally may be seen in younger dogs. 9, 17 No sex predisposition has been reported; however it has been suggested that brain tumors generally are overrepresented in larger breeds and meningiomas are overrepresented in Golden Retrievers, Boxers, and Miniature Schnauzers. Astrocytiomas and oligodendrogliomas are highly overrepresented in specific brachycephalic breeds (Boxers, Boston Terriers, and Bulldogs), and choroid plexus tumors are overrepresented in Golden Retrievers. 7, 9, 12, 15, 16, 18 Intracranial neoplasia generally is accepted to be less common in cats, although a necropsy study of approximately 4,000 cats suggested a frequency of just under 2%. 19 The majority of intracranial tumors in cats are primary, with meningiomas being the predominant type. Lymphoma and pituitary tumors are the most common secondary tumors with other primary and secondary tumors, such as gliomas, occurring at relatively low frequencies compared to dogs. [19] [20] [21] Advances in the treatment of intracranial tumors in dogs to date have largely been because of improvements in diagnosis, and optimization of standard therapeutic modalities such as surgical cytoreduction, radiation therapy and, to a lesser extent, chemother-apy. The marked breed association of specific tumors such as gliomas with brachycephalic breeds 7, 9, 12, 18 may provide an opportunity to decrease incidence by selective breeding once provisionally defined genetic associations 22, 23 are further characterized. Most of the recent major advances in human oncology have been made by elimination of environmental factors such as smoking, improved screening, and use of targeted therapies in cancers such as chronic myelogenous leukemia and breast cancer. 24, 25 For neurooncology specifically, only 2 new drugs have been approved by the FDA for treatment of high-grade gliomas in humans in the last 30 years, the chemotherapeutic temozolamide, a which increases overall median survival in humans with grade IV astrocytomas/glioblastoma multiforme by approximately 12 weeks, 26 and bevacizumab, b which was given fast track approval, but has recently been shown to have limited if any survival benefit in a large prospective phase III clinical trial. 27 It is hoped that translational studies in dogs with intracranial tumors may improve this situation for both species.
Diagnosis of Intracranial Tumors
Diagnosis of intracranial disease involves practical and economic considerations that are somewhat unique to the anatomic location. Advanced imaging such as magnetic resonance imaging (MRI) or computed tomography (CT) often is required for tentative diagnosis, and acquisition of diseased tissue for definitive histopathologic diagnosis requires either specialized biopsy equipment or invasive surgical procedures. Cerebrospinal fluid (CSF) analysis is rarely diagnostic, but its value often is overlooked. Monitoring lesions to determine biological behavior (with or without medical treatment) may provide valuable information, particularly when invasive or expensive therapeutic options are contemplated. This approach, however, may be practically limited by the expense of repeated advanced imaging techniques. The 2 major consequences of these issues are (1) much effort has been expended trying to define biomarkers of disease to aid in diagnosis, often involving advanced imaging and CSF analysis; and (2) a large amount of published information relating to treatment has been based on presumptive diagnoses, and is of limited value because many nonneoplastic lesions may have been included in therapeutic outcome data.
Histopathologic Diagnosis
Definitive diagnosis of intracranial tumors is based on histopathologic assessment using the World Health Organization (WHO) classification system. This is a continuously evolving system in human medicine with amendment of classification and tumor grade based on analysis of clinical outcomes and survival relative to specific pathologic criteria. Because there is little information relating to the natural biology of intracranial tumors in dogs, or their response to treatment, veterinary classification systems largely have been based on their tumor counterparts in humans. The only veterinary WHO classification was published in 1999, 28 based on the 1993 WHO classification for humans. Since that time the system in humans has been revised 3 times and, although there are limitations, it generally is accepted that intracranial tumors in dogs should be classified using the current WHO classification system used in humans 29 until specific data relating to biologic behavior are available in dogs. Molecular genetic analysis of tumors has become commonplace in human neurooncology and grading and prognostication is becoming a composite of both histopathologic and molecular criteria (discussed below). 29, 30 CSF and Blood Biomarkers
As a generalization, CSF usually is not diagnostic for a specific neoplastic condition. Neoplastic cells anecdotally may be seen in CSF with almost any tumor type, but presence of neoplastic cells may occur more commonly with specific tumors such as choroid plexus tumors, 16, 31 lymphoma, 12, 32, 33 glioma, 33 and histiocytic sarcoma. 34, 35 Based on larger case series, moderate increases in total nucleated cell counts (TNCC; 5-50 cells/lL, predominantly mononuclear cells) and total protein (TP) are typical with most intracranial neoplasia, although some tumors may have normal CSF findings, and some may result in marked increases in TNCC and TP. 12, 16, 33, [36] [37] [38] [39] [40] Common findings have been reported in some tumor types. For example, increased TP is seen in most choroid plexus tumors, 16, 37, 40 and this may be more pronounced in choroid plexus carcinomas compared to papillomas. 16 Most meningiomas have TNCC < 5 cells/lL, but increased cell counts, often with a neutrophilic component may be associated with meningiomas arising in the caudal cranial fossa. 39 Defining biomarkers (in CSF or blood) for assessment of tumor burden and therapeutic response is a priority in human neurooncology. 41 Classes of tumor markers include circulating tumor DNA or microRNA (miRNA) and circulating proteins such as glial fibrillary acidic protein, vascular endothelial growth factor (VEGF), matrix metalloproteinase-9 (MMP-9), and miRNA-21, but ideal markers have yet to be defined. 41, 42 A limited number of biomarkers (beyond tumor cells specifically) have been evaluated in CSF from dogs with intracranial tumors, including MMP-2 and -9, 43,44 uric acid, 45 and fibrinolytic activity (Ddimers), 46 as well as VEGF in plasma, but findings to date are similar to those in humans with regard to limitations of sensitivity and specificity.
Imaging
Although many investigators have attempted to utilize a variety of imaging techniques to diagnose, and even grade, intracranial lesions in dogs, specificity, sensitivity, or both have been shown to be consistently suboptimal in numerous studies, 12, 15, 16, 36, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] particularly when applied to clinically relevant prospective random populations of patients. A majority of intracranial tumors in both dogs and cats are hypo-to isointense on T1-weighted imaging, and hyperintense on T2-weighted imaging. The majority are also contrast enhancing after administration of gadolinium-based contrast agents. 12, 15, 16, 21, 54, 55 A variety of tumor "specific" findings relating to MRI have been reported variably in several studies, some of which are listed below. Peritumoral hyperintensity (edema) on T2-weighted images is a relatively common finding and has been suggested to be more common in astrocytomas as compared to oligodendrogliomas and in rostrotentorial as compared to infratentorial meningiomas. 15, 52 Edema also has been reported to be particularly severe in relatively rare intracranial granular cell tumors. 57 Contrast enhancement is generally more common in high-grade gliomas compared to lower grade tumors, consistent with the microvascular proliferation inherent to high grade tumors. 49, 52 The imaging characteristics of the most commonly occurring extra-axial tumor, meningioma, can be indistinguishable from those of other tumors such as histiocytic sarcoma, lymphoma, and granular cell tumors. 15, 57, 58 Granular cell tumors are reported to commonly have hyperintensity on precontrast T1-weighted images, but these findings also may be present in approximately 20% of meningiomas. Large cystic structures may be associated with many tumor types, but they occur most commonly with meningiomas where their frequency is approximately 25%. 15 Presence of "dural tails" and ring enhancement patterns on postcontrast T1-weighted images has been associated with meningiomas and gliomas, respectively, but studies suggest that these patterns may be seen in a wide variety of intracranial diseases. 53, 56, 59 Realistically, many therapeutic decisions are made based on presumptive imaging-based data, but the limitations of these data and the consequences in individual animals should not be overlooked.
Future advances in the use of imaging in brain tumors of dogs likely will be based on treatment planning and assessment of therapeutic response, as definitive biopsybased diagnoses become more commonplace. The use of metabolic and physiologic imaging techniques has become routine in human neurooncology to define parameters such as tumor cellularity, hypoxia, vascular density, and permeability. 60 Diffusion-weighted imaging (DWI), which evaluates decreased movement of water molecules, allows for assessment of changes in tissue characteristics resulting from a variety of diseases. Although definitive diagnoses are not possible in humans 61 or dogs, 62 DWI may aid in the differentiation of neoplasia from conditions such as bacterial abscessation or infarction, in which diffusion is typically severely restricted (Fig 1) . 63 DWI has been shown to be a sensitive technique to define injury to normal canine brain following irradiation, 64 and may help to differentiate tumor recurrence from the effects of treatment. In addition, diffusion tensor imaging (which measures diffusion in specific directions) may be used to define white matter tracts critical for surgical and radiation treatment planning. Assessment of the vascular properties of tumors may be valuable for surgical planning and also for determining response to treatment, particularly with the recent availability of antiangiogenic therapies such as bevacizumab and the multitargeted tyrosine kinase inhibitor toceranib.
c, 60 Both MRI-and CT-based dynamic contrast-enhanced techniques have been described in canine tumors to assess blood volume, perfusion, and permeability (Fig 2) . 66, 67 As with other imaging techniques, assessment of vascular parameters in veterinary patients has limitations for diagnosis 66, 67 ; however, utility in monitoring vascular response to therapies including radiation has been reported. 68 Anatomic definition of vascular structures associated with intracranial tumors either by magnetic resonance angiography (MRA) or contrast-enhanced CT provides information to improve both surgical planning and to allow interventional techniques such as tumor embolization, local delivery of therapeutic agents, or both (Fig 2) . 69 Chemoembolization of an intracranially extended nasal tumor has been reported in a cat, 70 and treatment of nasal tumors is in progress in dogs, but the more challenging goal of brain tumor embolization has not been reported in dogs. Normal canine intracranial vasculature has been defined using both contrastenhanced and time-of-flight (TOF) MRA [71] [72] [73] and feasibility of imaging tumor vascularity has been demonstrated. 73 Magnetic resonance metabolic imaging of brain tumors by using proton magnetic resonance spectroscopy ( 1 H MRS) allows determination of the chemical composition of tumor tissue, and it is a commonly used complementary technique in human neurooncology. 60 MRS techniques have been described in normal canine brain, 72, 74 and experimentally in canine models of nonneoplastic brain disease. [75] [76] [77] Positron emission tomography (PET) and single photon emission computed tomography are functional imaging techniques that allow for qualitative and quantitative measurement of tissue metabolism together with anatomic localization after image fusion with CT or MR images. The most commonly used tracer is 2-deoxy-2[
18 F]fluoro-D-glucose (FDG), which reflects increased glucose metabolism in brain tissue or tumors. High background activity in metabolically active brain can be a major confounding issue, and alternative tracers such as 18F-fluoroethythyrosine also are used in humans. Major uses for the technique include defining metabolically active areas for biopsy and definition of tumor recurrence or increasing malignancy. PET imaging has been evaluated in dogs, 78, 79 and specifically in those with intracranial disease, although as with spectroscopy, clinical use is not yet routine. 80, 81 Development and utilization of these metabolic and physiologic imaging techniques is very much in the developmental stage in veterinary neurooncology. Similar to human medicine, it is likely that combined use of these techniques together with standard imaging will provide the optimal information for therapeutic planning, tumor stratification, and assessment of therapeutic response, particularly when used in a linear manner. 60, 82, 83 Brain Biopsy
Definitive diagnosis of intracranial lesions is based on histopathologic examination, culture, and occasionally additional analysis of tissue obtained from the lesion. In cases where surgical resection is not considered the optimal approach to treatment and diagnosis, minimally invasive biopsy techniques are considered the most appropriate way to obtain diagnostic data permitting a maximally informed approach to treatment. Free-hand, image-guided, and endoscopeassisted brain biopsy has been described for dogs [84] [85] [86] ; however, stereotactic-guided procedures have many advantages. Both CT-and MRI-based stereotactic systems were developed for dogs in the 1980s in the experimental setting, 87, 88 and a variety of stereotactic approaches to clinical brain biopsy have been described in dogs and cats, the majority of which have involved CT-based systems. [89] [90] [91] [92] [93] [94] [95] Only 1 commercially available MRI-based system has been reported, 96 that is likely to become a mainstay of stereotactic biopsy in the future. Both CT-and MRI-based systems have inherent advantages and disadvantages. MR-based systems allow for better resolution of parenchymal lesions, whereas CT allows for better spatial resolution and more rapid imaging (eg, for real-time imaging of biopsy needle placement, and postbiopsy hemorrhage assessment). Combining MR and CT images by using image fusion software (Fig 3) may maximize the benefits of both modalities. Repeated imaging is often necessary if initial diagnostic procedures are completed more than a few days before biopsy, to allow appropriate targeting of evolving lesions or to identify resolving lesions where biopsy may not be indicated. Diagnostic yield is generally >90% for neoplastic lesions, but may be considerably lower with inflammatory or infectious diseases. Morbidity and mortality associated with brain biopsy vary with the equipment used, experience of the clinician, location of the lesion, and neurologic status of the patient. Early published data described morbidity and mortality rates of 12-27% and 7-9%, respectively. 89, 91 At the author's institution, complications generally occur currently in less than 5% of cases with experienced operators, and mortality associated with the procedure is rare. Although there is substantial expense associated with the procedure, increased utilization hopefully will result in more informed therapeutic planning based on accurate diagnoses, as well as providing the potential to monitor therapeutic response and biomarkers after specific therapeutic interventions.
Molecular Diagnostics
Molecular genetic characterization of neoplasia is becoming a mainstay of human neuropathology and neurooncology for both tumor classification and prognostic evaluation as well as for the appropriate application of molecular-targeted therapies. Characterization allows for:
1)
Defining specific subgroups of tumors that are either within histologic subtypes, or across histologic grades, relative to therapeutic outcome and prognosis.
2) Defining specific molecular pathways for which targeted therapeutics may be indicated to either restore or inhibit aberrant pathways, and 3)
Defining tumor cell-specific markers allowing tumor-specific targeting, typically of suicide gene, or toxic therapies.
There are many examples for which molecular classification has redefined or extended previous histopathologic grading systems. Meningiomas in humans have been shown to have a molecular phenotype that predicts proliferative behavior more specifically than classical histologic subtyping, 97 and extensive genomic analysis of human high-grade astrocytomas has defined key commonly disrupted signaling pathways related to receptor tyrosine kinase (RTK)/Ras/PI3K, p53, and Rb signaling. 98, 99 Similarly, the cancer genome atlas and other studies have used genome-wide expression, copy number, epigenetic, and proteomic profiling to define 3 major molecular subclasses (proneural, mesenchymal, classical) that may form the basis for future therapeutic and prognostic stratification.
98,100-102 Despite these classifications, optimal targeted treatment still may require individualized characterization of specific markers in individual tumors (Fig 4) . [103] [104] [105] [106] Advances in sequencing technology and availability of canine-specific platforms have opened the door for parallel characterization of canine and human brain tumors. An ever-expanding repertoire of targeted therapies is becoming available for cancer treatment, 104 but appropriate characterization of canine tumors is critical, because although many similarities are likely, regardless of species or tumor type, 107 specific differences have already been documented. Similar to human brain tumors, overexpression of cellular proliferation and apoptosis-associated markers such as EGFR, PDGFRa, VEGFR1,2, c-Met, IGFBP2, [108] [109] [110] [111] c-erbB2, pERK, pAkt, Bcl-2, Bcl-xL, 111 and the angiogenic factor VEGF [112] [113] [114] [115] [116] has been reported in both canine gliomas and meningiomas. Decreased progesterone receptor expression has been reported in canine meningiomas associated with higher proliferative indices and poorer prognosis, 117, 118 and these features also are associated with increased VEGF expression. 114 The cellular immortality-related gene telomerase reverse transcriptase has been shown to be expressed in a variety of canine and feline brain tumors, and similar to human tumors has been associated with tumor grade. [119] [120] [121] Similarly, overexpression of MMP-2 and -9, E-cadherin, claudin-1, IL-6, and cyclooxygenase-2 has been documented in canine and feline meningiomas, [121] [122] [123] [124] [125] [126] and MMP-2/9 has been identified in canine gliomas and choroid plexus tumors. 125 Overexpression of surface markers previously defined in human tumors, suitable for tumor targeting strategies, has been demonstrated for IL-13RA2, EphA2, and alpha3-beta1 integrin in a variety of canine brain tumors (Fig 4) . [127] [128] [129] [130] To date, global expression studies have utilized relatively limited microarray platforms and have shown some similarities to differentially expressed genes found in human tumors. 131 At the epigenetic level, preliminary studies profiling genome-wide methylation status of canine glioma suggest that hypermethylation patterns in developmentally regulated genes may be similar to those in human gliomas. 132 At the chromosomal level, there are limited data defining copy number variations in canine brain tumors, and reported resolution to date has been approximately 1-3 Mb. As might be expected based on data in humans, there is decreased genomic instability in canine meningiomas compared to generally more aggressive gliomas. Potential similarities to human tumors have been documented including loss of canine chromosome (CFA) 17 and 27 (CFA 17, 27), syntenic to human chromosome (HSA) 1p and 12p; HSA 1, 12 in meningiomas. 133, 134 Key hallmarks of human gliomas and meningiomas such as loss of HSA 22 (NF2 gene) in meningiomas and HSA 1p/19q in gliomas, however, have not yet been found, nor have classical glioma gene mutations such as those involving IDH1 and TP53.
133-137 More detailed analysis of canine tumors using whole genome sequencing and single nucleotide polymorphism arrays is likely to identify additional similarities and likely novel findings, and it is probable that common key pathways in human and canine tumors will be affected by different modifications. 107 Preliminary data suggest that some classical deletions in human gliomas including the INK4a/b locus and the NF-1 gene may be present in smaller deletions, 132 but, documented differences to date highlight the necessity for preclinical characterization of canine tumors before use of specific targeted approaches.
Overall, ongoing identification of aberrant gene expression as described above is likely to become increasingly important for appropriate targeting of novel therapeutic strategies. Prognostic value and therefore relevance to tumor grading in canine tumors is limited by a lack of information relating to longterm outcome for untreated and treated tumors matched to archived tumor tissue, and establishment of these databases should be a priority for the field.
Treatment
Conclusions from most veterinary neurooncology therapeutic studies are generally limited by small case numbers, retrospective study design, and most critically, a lack of specific histologic evaluation including tumor typing and grading. The latter issues become especially critical when small case numbers are involved. Lack of easily monitored objective criteria for therapeutic response is an additional problem because repeated advanced imaging is often cost prohibitive, and many animals present with clinical signs such as seizures and clinical response may be more reflective of adjunctive antiepileptic treatment than specific tumor response. This is confounded by highly variable criteria for time of presentation and time of euthanasia. Large-scale, multicenter therapeutic trials will be difficult to complete, and it is likely that a large amount of data addressing more focused questions in the future will be obtained from translational clinical trials that are becoming more common as the use of canine intracranial tumor models becomes more widespread. Continued collection of data relating to the natural biology and clinical course of specific tumor types and grades is critical for assessment of therapies, as is insistence on a minimum of histologic diagnosis for publication. Advances in diagnostic classification described above are likely to become more critical as molecular based therapies are developed. 106 
Palliative Care
Corticosteroids targeting peritumoral edema together with antiepileptic drugs to control seizures (one of the most common presenting sign for intracranial tumors) [11] [12] [13] 138 form the mainstay of palliative care for intracranial neoplasia. Response to corticosteroids often can be predicted based on the degree of suspected peritumoral vasogenic edema as defined by white matter associated hyperintensity on T2-weighted or fluid attenuated inversion recovery (FLAIR) MR images (Fig 5) . When secondary obstruction of CSF drainage occurs, intraventricular shunting may provide resolution of clinical signs temporarily as a palliative measure, or as with corticosteroids, to provide time and decreased morbidity for biopsy or more definitive treatment (Fig 6) . Meaningful statements regarding the natural biology of canine intracranial tumors and survival after palliative care are difficult to make based on available data for the reasons described above. There are no meaningful data relating to specific tumor types or grades. Published data suggest that for all masses combined, median survival is between approximately 1 and 10 weeks, [139] [140] [141] [142] with supratentorial tumors having a better prognosis (median survival approximately 25 weeks). 143 However, anecdotally many clinicians recognize that survival times for some individual patients, even those with intraaxial tumors, can be considerably longer.
Surgical Treatment
More than most other therapeutic modalities, efficacy of surgical cytoreduction of intracranial tumors is highly operator and equipment dependent. Most published information with meaningful case numbers is related to more easily accessible canine and feline meningiomas, with only anecdotal data for other tumor types such as gliomas and choroid plexus tumors. Currently available studies highlight the large variation in outcome, and the potential impact of applied technology. In dogs with confirmed meningiomas, standard surgical cytoreduction alone generally has been reported to result in median survival times of approximately 4.5-7 months, [144] [145] [146] with an improvement in median survival to 16.5-30 months with adjunctive radiation therapy. 118, 145 However, use of cortical resection, ultrasonic aspiration, or endoscope-assisted techniques has been reported to result in median survival times of 16, 41, and 70 months, respectively, for rostrotentorial meningiomas. [146] [147] [148] Given the large variation in outcome for different surgical techniques in individual studies, it is difficult to make general recommendations for surgical treatment other than the observations that cytoreduction (particularly for rostrotentorial tumors) may be "curative" for many older animals with some surgeons and techniques and that adjunctive radiation therapy has an apparent beneficial effect (Fig 7) .
Meningiomas are the most common primary intracranial tumor in cats. Median survival time for cats with surgical cytoreduction of meningiomas is reported to be between 23 and 28 months.
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Fig 5.
Palliative treatment with corticosteroids. T2-weighted transverse images documenting the therapeutic potential of corticosteroids in a biopsy and necropsy-confirmed anaplastic oligodendroglioma (grade III): Upper row = pretreatment, bottom row, 4 weeks after 0.5 mg/kg prednisone q24h. Even with 4 weeks of potential tumor growth, there is an overall decrease in tumor mass, with decreased presumed peritumoral vasogenic edema in surrounding white matter (arrow heads), and decreased mass effect, initially visualized as deviation of the falx cerebri (arrow). Feline meningiomas are generally less aggressive and locally invasive biologically than their canine counterparts, making gross total resection more likely. Information for other treatment modalities is anecdotal for both meningiomas and other sporadic tumor types in cats.
No meaningful conclusions can be made from published data relating to surgery for intraaxial tumors in dogs other than that anecdotally it can be beneficial with some animals surviving many months to over a year with surgery with or without adjunctive treatments. 140, [152] [153] [154] Microsurgical transsphenoidal hypophysectomy has become a successful neurosurgical technique for the management of intracranial pituitary tumors with survival times similar to those obtained with medical management, although tumor size is a limiting factor, 155 and survival times are likely to improve with application of neuronavigational devices and operator experience. Most pituitary macrotumors are best managed by radiation-based protocols. 156, 157 Application of stereotactic radiotherapy protocols, potentially using 1-3 applied doses may provide similar outcomes to hypophysectomy and are currently under investigation.
Intraoperative neuronavigation techniques using stereotactic coordinates based on either CT or MR images are standard practice in human neurooncology. Availability of veterinary MR-based stereotactic equipment d and custom-made devices is likely to advance surgical treatment, particularly of intraaxial tumors, substantially in the near future (Fig 8) . Several experimental and translational surgical procedures have been described in both experimental and clinical canine patients, including use of lasers, [158] [159] [160] automated tissue excision systems, 93 irreversible electroporation (Fig 9) , 161, 162 ultrasound hyperthermia, 163 and robotic neurosurgery. 164 Some of these techniques have shown promise and may progress to mainstream treatment. Combined with recent advances in imaging of both tumors and their vascular supply (above), as well as the potential use of fluorescent markers to aid in intraoperative tumor identification, 165 continued advances in outcome are likely with surgical cytoreduction of canine and feline intracranial tumors.
Chemotherapy
There is little meaningful information available relating to the efficacy of chemotherapeutic agents for canine intracranial neoplasia. Most data relate to the use of nitrosurea-based alkylating agents such as lomustine and carmustine, or the ribunucleotide reductase inhibitor hydroxyurea. Almost all studies lack histologic diagnoses for most cases, and thus have limited value. A large retrospective study suggested no benefit for CT-defined brain masses from lomustine (CCNU) chemotherapy compared to palliative care (93 days versus 60 days), but none of the 71 animals had a histologic diagnosis. 142 Anecdotal histologically confirmed cases from published data show apparent survival benefits and occasional responses with survival of many months in some cases, but overall, chemotherapy alone appears to have limited value for intracranial tumors. 147, 154, [166] [167] [168] [169] Temozolamide, a novel oral alkylating agent, has become the standard-of-care for adjuvant and monotherapy of highgrade gliomas and other tumors in humans, although its use not been reported in dogs with clinical brain tumors. Canine glioma cell lines appear to have responses similar to human glioma cell lines with commonly used chemotherapeutic agents such as CCNU, CPT-11, and temozolamide, 170 and it is likely that the moderate advantages of adjuvant chemotherapy seen in human patients 26, 171 are likely to be present for their canine tumor counterparts. Tumor resistance against alkylating agents is well documented in human brain tumors, and has been attributed to a variety of factors including DNA repair mechanisms, prevention of drug uptake, and inactivation and elimination of agents. Multidrug resistance proteins have been described in human brain tumors and preliminary data suggest they may play a role in drug resistance in dogs, particularly in meningiomas. 172 Epigenetic silencing of the DNA repair enzyme O6-methylguanine-DNA-methyltransferase by promoter hypermethylation has been associated with better responses to alkylating agents and better prognosis in human patients with gliomas, 173 and is becoming a standard biomarker for therapeutic planning. Epigenetic alterations in canine brain tumors have been documented in a small number of cases, 174 but their value has yet to be determined in clinical canine patients. The value of additional novel chemotherapeutic agents, either alone or in combination, combined with other therapeutic modalities or delivered in a more targeted manner remains to be evaluated. Local delivery of drugimpregnated wafers (eg, carmustine wafers) into resection cavities has shown some small benefits in human patients with gliomas, 175 but has not been evaluated in canine patients. Intratumoral delivery of a liposomal formulation of CPT-11 has been shown to have efficacy in selected canine glioma cases, with some survival times approaching 2 years for monotherapy (Fig 10) . is implanted into the skull using titanium, self-tapping screws, and dental acrylic to facilitate tumor biopsy (A, inset and E) and IRE electrode insertion. Pretreatment MR (B and F) and CT (C and G) images are used to plan the electrode approach trajectories and pulse delivery parameters using imaging-based tissue segmentation (D), volumetric meshing with thermal and electrical field (H; in V/cm) threshold distributions, and finite element modeling. Posttreatment tumor biopsy and diagnostic imaging demonstrating target ablation as indicated by the necrotic tumor phenotype (I) and decrease in the contrast-enhancing tumor burden (J, K). L-Fused pretreatment MRI and intraoperative CT of electrode insertion into the target, with the PGP highlighted in blue (images courtesy of J Rossmeisl University of Virginia). 
Radiation Therapy
Radiation therapy has become a mainstay of treatment for intracranial neoplasia in both human and veterinary patients, either as a primary or adjunctive treatment. Interpretation of published data can be problematic when considering specific tumor types because of a lack of histologic diagnoses for many masses treated, and variability in radiation type and dosing schedule. Radiation therapy has been reported specifically to be beneficial when compared to surgical resection alone for treatment of meningiomas. 145 In general, reported median survival times for radiation treatment alone for all masses, inraaxial masses, and extra-axial masses are approximately 33-99 weeks, approximately 40 weeks, approximately 40-49 weeks, respectively. 140, 141, 145, 152, 153, [177] [178] [179] [180] Although specific data are limited in most studies, surgery combined with radiation is reported to have improved outcomes compared to radiation alone. 145, 152 Extra-axial masses (presumptive meningioma) tend to have a better prognosis than intraaxial masses. 140, 152 Standard megavoltage external beam radiation therapy has been extended by use of intensity-modulated radiation therapy in which use of multileaf collimators that move during treatment allow for more precise, conformal delivery of radiation. Dose to tumor is increased with minimization of dose to adjacent normal structures, although extensive "inverse planning" defining tumor and normal tissues on the basis of individual CT slices is necessary. Local delivery of radiation therapy (ie, brachytherapy) has been investigated as a potential modality in experimental dogs, 93, 181, 182 but overall success in humans with a variety of intracranial tumors has been limited. 183, 184 More recent advances in veterinary radiation oncology for brain tumors have been driven by the availability of stereotactic radiotherapy (SRT) equipment and procedures, in which radiation is delivered to sterotactically defined tumor volumes. Radiation may be delivered by multiple cobalt sources, e or linear accelerators delivering extremely precise, high dose/ gradient plans. These may involve multiple static beams using a 6 MV linear accelerator on a robotic arm with 6 degrees of freedom, f or standard linear accelerators fitted with stereotactic cones or micromultileaf collimators using multiple arcs planned around isocenters. SRT uses image-guided (MRI or CT), forward-based planning, and requires stringent quality assurance (Fig 11) . SRT has become widely used for the treatment of nonresectable intracranial masses, either intraaxial or involving the skull base. Experience with skull base meningiomas and gliomas in humans suggests responses may approach those seen with surgically resected tumors. 185, 186 One of the major advantages of SRT techniques is the ability to deliver the therapeutic dose of radiation in 2-5 fractions (single dose treatments are referred to as stereotactic radiosurgery [SRS]) compared to 16-20 fractions for standard radiation protocols. This is particularly relevant in veterinary patients, where general anesthesia is required for each treatment. There are limitations to the size of masses that can be treated with SRT (several cms), and it is generally not suitable for treating microscopic residual disease (eg, after surgical resection). Availability of treatment centers is limited, and only linear accelerator-based systems have been used in dogs and cats, but preliminary data suggest that efficacy is comparable to standard radiation protocols with potentially fewer short-term adverse effects. [187] [188] [189] [190] [191] Final evaluation of SRT will be dependent on long-term assessment of histologically confirmed cases. Boron neutron capture treatment is a localized radiation therapy depending on preferential local delivery of 10 B to tumor tissue followed by delivery of thermal neutrons. Resultant 7 Li nuclei and 4 He (a-particles) produce high-dose radiotherapy with potential for selective killing of 10 B-loaded cells. Preliminary translational studies in dogs with a variety of intracranial tumors demonstrated the feasibility of the approach and anecdotal therapeutic successes with and without surgical cytoreduction. 192, 193 Although availability of equipment is limiting, recent advances in more tumor-selective boron delivery drugs may improve the limited clinical efficacy and toxicity (eg, radiation necrosis) in the future. 194 
Novel Therapies
Recognition of small animal diseases as clinically relevant translational models for human disease has opened up numerous collaborative opportunities for veterinarians, most notably in the field of oncology. Canine brain tumor patients are increasingly being enrolled in a variety of clinical trials. Ongoing areas of research involving veterinary centers can be broadly divided into:
1)
Novel delivery approaches to circumvent drug delivery limitations because of the blood-brain barrier;
2) therapies targeting aberrant molecular pathways; 3) toxin or suicide gene therapies targeted to tumor cell-specific markers; and 4) immunotherapies.
Targeting of brain tumors at the gross level has been advanced by techniques such as convection-enhanced delivery (CED), in which infusion of therapeutic agents directly into tumor tissue results in the potential for extremely high intratumoral drug concentrations with minimal to no systemic toxicity. The technique involves delivery of macromolecules by bulk flow using low pressures and specifically designed catheters, and allows clinically relevant volumes of therapeutic agents to be delivered, usually over several hours to days. 195 Recent advances in the technique have allowed for real-time imaging of infusions allowing for both accurate planning and meaningful assessment of therapeutic outcome (Fig 10) . A variety of imaging agents have been used including gadolinium, iron oxide nanoparticles, and PET tracers. 176, [196] [197] [198] Specifically in canine brain tumors, CED of liposomal CPT-11, and EGFRvIII-antibody bioconjugated magnetic iron oxide nanoparticles have been shown to have efficacy in canine gliomas, even as monotherapies, with minimal adverse effects (Figs 10, 12) . 176, 199 CED approaches are often limited by an inability to distribute therapeutic agents to the entire tumor volume. Advances in catheter designs, predictive imaging software, and therapeutic agent strategies are helping to improve volumes of distribution throughout heterogenous tumors, and include the use of arborizing fiberoptic catheters and local hyperthermia. 175, 200 CED infusion of replication competent retroviral vectors capable of tumor spread beyond the borders of the CED distribution is an alternative strategy to maximize tumor coverage, and has been utilized in both human and canine clinical trials to deliver suicide gene therapy vectors, although efficacy has not yet been shown. 201, 202 Many experimental gene therapies have been developed for trials in humans utilizing a variety of viral vectors (often nonreplicating or conditionally replicative), most commonly adenovirus, adeno-associated virus, herpes simplex virus, and retrovirus. Common therapeutic strategies include suicide gene therapy, oncolytic treatment, immunomodultion, gene replacement, proapoptotic treatment, and antiangiogenesis. 175, 203 Successful delivery or efficacy of gene therapy approaches using viral vectors and plasmid DNA has been shown experimentally in canine brain tumor cells and brain using adenoviral, [204] [205] [206] [207] [208] [209] retroviral 201, 202, 210 herpes, 211 and adeno-associated viral [212] [213] [214] delivery. Few viral therapies have progressed to phase III clinical trials, and none have been shown to have significant efficacy in highgrade brain tumors in phase III trials to date. 175 Targeting of defined aberrant pathways in oncology has resulted in some of the most dramatic improvements in survival times for several human cancers, most notably trastuzumab g antibody targeting of Her2/Neu overexpressing breast cancers 24 and small molecule inhibitor imatinib h targeting of BCR-ABL positive chronic myelogenous leukemia. 25 A majority of targeted therapies involve either antibodies or small molecule inhibitors, and many have been investigated in human brain tumors with minimal activity demonstrated to date. 104 This may be a reflection of many factors including insufficient characterization of both tumors and patients, as well as the potential need for multiple target strategies. Two small molecule inhibitors have been approved for use in veterinary medicine, toceranib phosphate c which blocks a variety of RTKs including VEGFR2, PDGFRalpha/beta, KIT, and FLt3, and masitinib i which inhibits PDGFRalpha/ beta and KIT. Veterinary trials with toceranib and masitinib have shown benefit in several cancers but have not been reported for brain tumors. Documented overexpression of VEGF, VEGF receptors, and PDGFR alpha in some canine brain tumors [108] [109] [110] [111] [112] [113] [114] [115] [116] may justify trials with these or similar small molecules in defined patients.
A growing body of evidence has implicated tumor cells with stem cell-like properties as a potential source of both tumor initiation and tumor recurrence or resistance to treatment. [215] [216] [217] Although this is still a controversial area of research, many investigators have defined populations of tumor cells that have genetic and epigenetic phenotypes similar to primitive precursor cells with molecular profiles more typical of cells during brain neuro-and gliogenesis and development. 218 Targeting either stem cell surface markers or dysregulated "developmental" pathways in tumors is an attractive and ongoing area of research. Stem-like cells expressing putative developmental markers such as CD133, Olig2, and nestin have been described by several authors in canine gliomas (Fig 4) , and preliminary data suggest that epigenetic alterations in canine glioma may parallel the developmental profile seen in human tumors. [219] [220] [221] [222] [223] An alternative utilization of stem cells in neurooncology is the exploitation of the inherent tumor-tropic properties of normal or modified stem cells. The ability to target distant, invasive tumor cells and deliver a variety of therapeutic agents is a developing and promising field. 203 Targeting of aberrantly expressed surface markers on tumor cells has been exploited as a strategy for delivering imaging or therapeutic agents specifically to tumors. Ideal markers are expressed in all tumor cells, ideally in all tumors, and have minimal to no expression in either local (eg, brain) or systemic tissues, if systemic delivery strategies are to be used. Several markers such as IL-13 receptor alpha 2, EGFR, and transferring receptor, either alone or in combination, have been targeted in human neurooncology to deliver toxin based or suicide gene therapies. 175 Similar to human gliomas, most canine gliomas overexpress both IL-13 alpha 2 receptor and EphA2 receptor. 128, 129 Trials in humans using Pseudomonas-derived IL-13 toxin conjugates have shown some efficacy, and trials in dogs utilizing similar canine optimized toxins [127] [128] [129] are planned. Similarly, targeting of canine tumors overexpressing EGFR using antibodies conjugated to iron nanoparticles is in progress. 199 Small peptides have major advantages over antibodies for tumor targeting in that they are less immunogenic, have longer tissue half-lives, and have the potential to be readily modified and conjugated for a variety of therapeutic or imaging options. Random screening of peptide libraries is an efficient method to define tumor-specific peptides, 224 and has been done for several canine cancers including lymphoma, melanoma, and glioma. 130, 225, 226 Tumor-specific targeting of glioma using peptides recognizing alpha 3 beta 1 integrin has been demonstrated in human cancers. 227 Similar findings in canine glioma as well as in vivo demonstration of the feasibility of peptide targeting in dogs 228, 229 opens the possibility of future peptide-conjugated therapies for canine glioma (Fig 13) .
Immunotherapy
Augmentation of the patient's T cell-mediated immune response against neoplastic cells, normally limited by the brain's immuno-privileged niche, is a developing field in humans for both gliomas and on a smaller scale meningiomas. 203, [230] [231] [232] Several approaches are being explored including gene therapy delivery of immunostimulatory genes such as IL-2, 4, 12, TNF alpha, interferon alpha, beta, and gamma and dendritic cell growth factors such as Flt3L. Several "vaccine"-based approaches have been developed including vaccination with patient dendritic cells "primed" with tumor antigen, tumor peptides, heat shock proteins, and autologous and allogenic tumor cell preparations. 203, [230] [231] [232] [233] Limited information is available defining immune cell activity in canine brain tumors, but preliminary studies defining immune cell infiltration in canine meningiomas, 234 and the ability of Flt3L to stimulate canine dendritic cells, 235 suggest that there will be many similarities to human tumors. Translational studies in dogs with glioma using tumor cell lysate/CpG vaccines, combined with postsurgical intracavitary delivery of IFNg via an adenoviral vector, have demonstrated the feasibility of immunotherapy in dogs, with tumor-reactive IgG and CD8+ T cells being documented in 1 reported case. 206, 236 Similar studies using autologous tumor lysate vaccines combined with toll-like receptor ligands (CpG, imiqui-mod) after resection of meningiomas in dogs also have been reported. 237 Treatment resulted in the production of polyclonal antibody responses in all dogs, with infiltration of plasma cells into surrounding brain tissue. Additional studies investigating combinations of local adenoviral gene therapy delivery of HSV-tk suicide genes and Flt3L dendritic growth factor postresection and tumor lysate vaccines derived under varying oxygen tensions are in progress. 236 Although efficacy of immune-based therapies has yet to be shown in phase III trials in humans or veterinary patients, preliminary results are encouraging and show the feasibility of these approaches.
Future
Veterinary neurooncology still has a large amount of benefit to be obtained from application of currently available techniques and advancements in standard surgical, chemotherapeutic, and radiation-based therapies, but expense, species-specific factors, and availability may be limiting in some areas.
Rapid advances in global analysis of cancer molecular phenotypes together with industrial scale development of targeted small molecule therapeutics are likely to provide the greatest opportunity for advances in outcome in both human and veterinary neurooncology. Realistically, companion animal neurooncology will rely on use or modification of therapeutics developed for human patients, and although it appears that most cancers follow similar developmental pathways, subtle differences may be critical for appropriate application. Continued in-depth evaluation of both the molecular genetics and natural biology of companion animal intracranial tumors will be critical for optimal future outcomes for patients with these tumors. 
